Purpose Endometriosis and mammographic density have been hypothesized to be influenced by sex steroid hormonal exposures in adolescence and early adulthood. We investigated the association between endometriosis and mammographic density, a consistent and independent risk factor for breast cancer. Methods We conducted a cross-sectional analysis among 1,581 pre-and postmenopausal women not previously diagnosed with breast cancer in the Nurses' Health Study II cohort. We measured average percent mammographic density and absolute dense and non-dense breast area using a validated computer-assisted method. Multivariable linear regression was used to estimate the association between endometriosis and mammographic density among pre-and postmenopausal women separately. Results Among premenopausal women, average percent mammographic density was 43.1 % among women with endometriosis (n = 91) and 40.5 % among women without endometriosis (n = 1,150). Endometriosis was not associated significantly with mammographic density among premenopausal (% difference = 2.00 percentage points 95 % CI -1.33, 5.33) or among postmenopausal women (% difference = -0.89 percentage points 95 % CI -5.10, 3.33). Among premenopausal women, there was heterogeneity by BMI at age 18 (p value = 0.003), with a suggested association among those who were lean at age 18 (BMI \ 20.6 kg/m 2 ) (% difference = 3.74 percentage points 95 % CI -0.29, 7.78). Conclusion Endometriosis was not found to be associated with overall measurements of mammographic density.
Introduction
Women with endometriosis, a chronic gynecologic disorder that affects approximately 10 % of women [1] [2] [3] , may have an altered hormonal and inflammatory milieu [2, [4] [5] [6] . It is well established that sex steroid hormones play an important role in endometriosis [4] with endometriosis lesions depending on circulating estrogen for growth and maintenance [1, 2, 7] . Recent research has indicated that women with endometriosis may be at increased risk of several chronic diseases including cardiovascular disease and certain types of cancer, including ovarian and possibly breast [8] . Epidemiologic evidence for a relationship between endometriosis and breast cancer risk has been mixed [8] [9] [10] [11] with eleven [12] studies suggesting modest positive associations between endometriosis and the risk of breast cancer [8, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , four studies showing no clear association [23] [24] [25] [26] , and five studies reporting an inverse relationship [27] [28] [29] [30] [31] .
One of the strongest and most consistent risk factors for breast cancer is mammographic density, a measure of the amount of fibroglandular tissue in the breast comprised of epithelial and stromal cells. Mammographic density can be assessed on a mammogram-dense breast tissue appears light on a mammogram, whereas non-dense tissue appears dark. Women with C75 % mammographic density have a fourfold to sixfold increased risk of developing breast cancer compared to women with almost entirely fatty breasts, i.e., mammographic density \5 % [32] [33] [34] .
Mammographic density is established in early adulthood, with highest density occurring before menopause and has been hypothesized to be associated with sex steroid hormone exposure [35] [36] [37] [38] . This is supported by reported relationships with risk factors, including exogenous hormone therapy use which increases mammographic density [4, [39] [40] [41] [42] [43] [44] [45] , and with menopausal status which decreases mammographic density [40] [41] [42] [44] [45] [46] [47] [48] . Despite the fact that endometriosis is associated with highly estrogenic environment and that endometriosis may be associated with breast cancer, no prior study has investigated the relationship between endometriosis and mammographic density.
We investigated the relationship between endometriosis and mammographic density within the Nurses' Health Study II (NHSII) cohort. We hypothesized that women with endometriosis would have higher mammographic density compared to women without the disease.
Methods
The NHSII is a prospective cohort study that began in 1989 when 116,430 registered nurses, 25-42 years old, returned a mailed questionnaire on their health and lifestyle patterns. Follow-up questionnaires were sent biennially to collect information on environmental, dietary, and lifestyle risk factors with cumulative response rates over 90 %. This study was approved by the Institutional Review Board of Brigham and Women's Hospital.
Study population
Within the NHSII, original mammogram collection was conducted within a breast cancer case-control study, which was nested within the sub-cohort of women who provided a blood sample. Controls were randomly selected from the sub-cohort of women who returned a blood sample and had never reported a diagnosis of cancer. One or two controls were matched to breast cancer cases on year of birth, menopausal status, hormonal therapy use, race/ethnicity, and time of day, month, and fasting status at time of blood draw. Mammograms were received from approximately 80 % of eligible women in the nested case-control study and were collected for years close to blood collection (1996) (1997) (1998) (1999) . We additionally collected mammograms (conducted from around 1997) from eligible women (breast cancer cases and non-cases) who provided cheek cell samples or completed an adolescent diet questionnaire in NHSII. Women for whom mammograms could not be obtained did not differ from those with available mammograms with regard to breast cancer risk factors, including BMI, parity, and family history of breast cancer [36, 49] .
Given that high mammographic density is associated positively with increased risk of breast cancer, to prevent a spurious association between endometriosis and mammographic density, we restricted the study population to controls for this analysis (n = 1,581, after exclusions). If women reported hormone therapy use, they were removed from the analysis if they were a smoker and between the ages of 46-54 or a non-smoker or current smoker and between the ages of 48-56 due to inability to determine menopausal status. Women missing information on endometriosis were excluded from the analysis.
Exposure definition
On the 1993 questionnaire, women were first asked whether they had ever had ''physician diagnosed endometriosis.'' If they answered ''yes,'' they were asked to report when the diagnosis had occurred and whether their disease had been confirmed by laparoscopy. Endometriosis diagnosis has been assessed on every biennial subsequent questionnaire. Self-reported endometriosis diagnosis was previously validated using the medical records of 200 randomly selected participants [3] . Among women who reported laparoscopic confirmation, a laparoscopic (surgical) diagnosis of endometriosis was confirmed in 96 % of women. Conversely, among women without laparoscopic confirmation, evidence of clinical diagnosis was found in only 54 % of medical records. Thus, to reduce the magnitude of misclassification, we restricted our definition of endometriosis to those women with a laparoscopic confirmation. Women who only reported clinical, not surgical, diagnosis were excluded from both the endometriosis and non-endometriosis groups. Women were classified as having endometriosis if they ever reported a laparoscopic diagnosis prior to the time of mammogram.
Outcome definition
From the mammograms collected, the cranio-caudal views of both breasts were digitized 261 lm/pixel with a Lumysis 85 laser film scanner (Lumysis, Sunnyvale, CA) or a VIDAR CAD PRO Advantage scanner (VIDAR Systems Corporation; Herndon, VA) (using comparable resolution of 150 dots per inch and 12 bit depth inch and 12 bit depth). Average percent mammographic density has been the primary measure of breast density in research given its consistent relationship with breast cancer risk [49, 50] and thus was our primary outcome of interest; however, recent literature has suggested that both absolute dense and nondense area are independent predictors of breast cancer risk [50] [51] [52] [53] , and therefore, we also examined these outcomes separately in secondary analyses. To estimate absolute dense area, absolute non-dense area (total breast area minus dense area), and percent mammographic density (dense area divided by total breast area), we used Cumulus software (University of Toronto, Toronto, Canada) for computer-assisted thresholding [54, 55] . The reader selects two thresholds according to the intensity of the pixels: one to delineate the breast edge and the other to distinguish dense tissue from non-dense tissue. The software then calculates the number of pixels of the entire breast and those of the area identified as dense.
Mammograms were read by a single reader in two batches approximately 3 years apart. Our trained reader is blinded to case and control status and consistently achieves a within-person intraclass correlation coefficient of 0.91 and an intraclass correlation coefficient of 0.90 for comparison with an external expert [49] . We found evidence of batch-to-batch variability in the two batches of mammogram density measurements read approximately 3 years apart. Mammographic density measurements measured in the second batch were corrected to produce the measurement that would have been obtained had the mammogram been included in the first batch, using a statistical technique described in detail previously [36, 56] .
Statistical methods
Given the consistent relationship between menopausal status and breast density [32] , with breast density being lower among postmenopausal women, all analyses were stratified by menopausal status a priori. Women were considered postmenopausal if they reported (1) no menstrual periods for 12 months, (2) having had a bilateral oophorectomy, or (3) being 54 years old or older if a current smoker or 56 years or older if a non-smoker or former smoker at time of mammogram.
We fit multivariable linear regression models to quantify the cross-sectional association between endometriosis (independent variable) and measures of mammographic density (dependent variable). Generalized estimating equations were used to account for correlation among matched controls using an unstructured correlation matrix. Robust (sandwich) standard errors were used to minimize potential violations in the assumptions of normality of residuals and homoscedasticity for linear regression. Model 1 adjusted for current age and BMI (\18.5, 18.5-22.4, 22.5-24.9, 25-29.9, C30), known important predictors of both endometriosis and mammographic density. Model 2 additionally adjusted for potential confounding by other a priori risk factors for mammographic density: alcohol intake (\4 vs. C4 g ms/day), family history of breast cancer, smoking history (current, never, smoker), history of benign breast disease, BMI at age 18 (\18.5, 18.5-22.4, 22.5-24.9, 25-29.9, C30), parity (1, 2, 3, C4), age at menarche (\12, 12, 13, 14, [14) , oral contraceptive use history (never, past, current), and breastfeeding history (never, 1-5, 6-11, C12 months). Since some treatments for endometriosis may alter mammographic density, model 3 additionally adjusted for those covariates that may be potential mediators of the relationship between endometriosis and mammographic density: hysterectomy, hormone therapy use (never, past, current), and oophorectomy (none, unilateral, bilateral) (postmenopausal women only). Endometriosis diagnosis history and covariate status were defined at the closest questionnaire cycle to the time of the mammogram. Due to the known relationship between body size and endometriosis [57, 58] and body size and mammographic density [59, 60] , effect modification was investigated for BMI at age 18 and BMI around time of mammogram among premenopausal women, and likelihood ratio tests were used to test for significance of interaction terms. The small number of postmenopausal women with endometriosis in our study (n = 77) precluded meaningful analysis of interactions in this subgroup. To account for possible diagnostic delay of endometriosis and to investigate potential selection bias, we conducted sensitivity analyses that used endometriosis diagnostic status 2, 4, and 6 years before the women reported date of surgical diagnosis and restricted our endometriosis diagnosis definition to those women diagnosed after cohort inception.
Results
Around the time of mammogram, pre-and postmenopausal women with endometriosis reported lower current BMI and lower BMI at age 18, were more likely to be nulliparous or to have low parity, to have undergone oophorectomy (unilateral or bilateral) or hysterectomy, and to be past or current users of hormone therapy, compared to women without endometriosis (Table 1) . Premenopausal women with endometriosis were more likely to have had earlier age at menarche compared to premenopausal women without endometriosis, whereas postmenopausal women with endometriosis were more likely to report later age at menarche compared to women without endometriosis.
Among premenopausal women, women with endometriosis appeared to have modestly higher average percent mammographic density of 43.1 % (SD: 17.5) compared to healthy women [40.5 % (17.9)] ( Table 2 ; Model 3). Given the opposing directions of percent mammographic density in pre-and postmenopausal women, the effect of endometriosis on percent mammographic density varied by menopausal status (p value test for interaction: 0.02). Sensitivity analyses predating onset of endometriosis diagnosis or defining endometriosis diagnosis as after 1989 did not substantially alter the results (results not shown).
We found significant heterogeneity in associations of endometriosis and average percent mammographic density by BMI at age 18 (p value test for interaction: 0.03), but not by current BMI (i.e., near time of mammogram) (p value test for interaction: 0.31) ( Table 3) . Among women who were lean at age 18 (BMI \ 20.6, the median value in the population), those with endometriosis had significantly higher percent mammographic density in models adjusted for age and current BMI (4.44 percentage points difference, 95 % CI 0.12, 8.76) compared to those without endometriosis, which was attenuated slightly in fully adjusted models (3.74 percentage points difference, 95 % CI -0.29, 7.78). We saw no difference in the association between endometriosis and non-dense area by BMI at time of mammogram (p value test for interaction = 0.83) nor by BMI at age 18 (p value test for interaction = 0.09). The association between endometriosis and total dense area did not vary by BMI at time of mammogram (p value test for interaction = 0.12). However, there was a suggestion of a difference in the association between endometriosis and total dense area between lean and nonlean BMI at age 18 (p value test for interaction = 0.05); among those who were lean at age 18, those diagnosed with endometriosis had a trend toward greater total dense area (7.14 cm 2 difference, 95 % CI -6.62, 20.90).
Discussion
In this study nested within the NHSII, endometriosis was not found to be associated with average percent mammographic density, dense area, or non-dense area in premenopausal or postmenopausal women overall. However, the relationship between endometriosis and percent mammographic density in premenopausal women was modified by BMI at age 18. Among women who were lean at age 18, those with endometriosis had moderately higher percent mammographic density later in life, compared to those without endometriosis. To our knowledge, this study is the first investigation of endometriosis and mammographic density to date. Women with endometriosis were found not to have altered mammographic density overall compared to women without endometriosis. Thus, if endometriosis is associated with increased risk of breast cancer, our data suggest that the relationship may not be mediated through mammographic density. In this cohort, we previously found that while women with endometriosis were not at increased risk of overall breast cancer, they were at an increased risk of estrogen receptor positive, progesterone receptor negative (ER?/PR-) tumors [12] . A recent pooled analysis has found that the effect of mammographic density on breast cancer risk did not vary by tumor PR status, but did appear stronger among ER-compared to ER? tumors in women\55 years old (0.04) [61] .
Early life body size has been inversely associated with endometriosis [57, 62, 63] , mammographic density [59, 60, [64] [65] [66] [67] , and breast cancer [60, 66, 68] . In a priori sensitivity analyses, we found that among premenopausal women who were lean at age 18, those with endometriosis had a trend toward higher average percent mammographic density (3.7 % difference) which was driven by higher average dense area (7.1 cm 2 difference). This finding is striking given the large magnitude of effect compared to other reproductive risk factors. For example, it is estimated that each pregnancy decreases average percent mammographic density by 2 % [37] , exogenous hormone therapy usage increases mammographic density by 3.1-4.8 % [37, 39] , and tamoxifen decreases mammographic density by 5-8 % which has been associated with decreased breast cancer recurrence [69, 70] . For every additional percentage point increase of mammographic density, breast cancer risk has been estimated to increase by 2 % [71] . Additionally, women who are lean at age 18 already have higher mammographic density than overweight women, putting them at higher risk of breast cancer. Samimi et al. [65] reported that higher mammographic density in those with lean body size at age 18, independent of adult body fatness, was estimated to correspond to a 5-15 % increased risk of breast cancer.
While the prospective cohort design of our study allowed for detailed, updated information on exposure and covariate status, the mammographic density measurements are from one cross-sectional point in time and thus may not accurately capture density across the life course. As breast density is known to change as women age, all analyses were adjusted for age and stratified by menopausal status. Due to a potential delay between symptom onset and endometriosis diagnosis, some members of our cohort may have asymptomatic endometriosis or endometriosis that has not yet been diagnosed at time of mammogram. However, since the prevalence of endometriosis is *10 %, the inclusion of undiagnosed endometriosis cases in the unexposed group would have a small effect [72] , given the number of truly unexposed women [73] , and while this misclassification still may bias our estimates, the bias would most likely be non-differential in relation to mammographic density and thus attenuate our findings toward the null. In sensitivity analyses, we investigated this potential diagnostic delay by predating endometriosis exposure, which did not substantially alter our results. As discussed previously, hormonal treatments for endometriosis may influence mammographic density and thus were conceptualized not as traditional confounders, but rather as potential mediators. While NHS II participants contributed information on hormone therapy and oral contraceptives, which did not significantly alter reported associations, we did not have sufficiently detailed information on other hormonal treatments which are sometimes used for endometriosis such as danazol and leuprolide. Leuprolide has been shown to reduce mammographic density and has also been used as a breast cancer treatment [74, 75] . Thus, there may be unmeasured confounding or mediation by these hormonal treatments, which may lead to an underestimation of the association between endometriosis and mammographic density, if a true relationship exists. However, these treatments were more commonly used early in cohort follow-up [7, 76] , and sensitivity analyses restricting incident endometriosis after 1989 showed similar results. Future research should investigate this potential limitation. Furthermore, due to the limited number of endometriosis cases, we may not have been adequately powered to detect modest differences in mammographic density.
This investigation into endometriosis and mammographic density is the first study to our knowledge to investigate this relationship. It has many strengths including its validated exposure definition of laparoscopically confirmed endometriosis and validated quantitative outcome assessment of percent and absolute mammographic density from screening mammograms with high intrareader reliability. We were also able to adjust for potentially important confounding and mediating factors of the endometriosis and mammographic density relationship.
Mammographic density is an important risk factor for breast cancer and public awareness is growing as more patients are informed of their mammographic density after receiving a mammogram. In this study, endometriosis was not significantly associated with mammographic density. Future research should focus on replicating our finding among lean women at age 18, among whom a consistent association with high mammographic density, endometriosis, and risk of breast cancer has been found [63, 66, 77] . However, overall women with endometriosis do not appear to have greater mammographic density.
